Abstract: Endopolyploidy is typical and wide-spread in the Orchidaceae. In this study, an attempt was made to quantify the ploidy of mature callus and mature protocorm-like bodies (PLBs) of nine hybrid Cymbidium cultivars cultured in vitro, as well as different flower parts (dorsal sepal, petal, lateral sepal, labellum, pedicel, column, anther cap, stigmatic surface) and youngest leaf of Phalaenopsis and Paphiopedillum and in leaf tissues of in vitro Spathiphyllum and Syngonium plants. Polyploidy was detected in in vitro cultures, primarily in PLBs, ant to a limited extent in floral tissue: 8C was detected in the pedicel and column, but never exceeding 3%. This study expands on the number and breadth of cases of endopolyploidy in orchids, with novel information about Paphiopedillum. These findings may be useful for better understanding developmental processes in vitro or in planta, and may be the first step to revealing evolutionary or adaptive mechanisms of survival of orchids in response to environmental or abiotic stresses.
Introduction
Polyploidy, a numerical increase in the complete chromosome set of an organism or a cell, is common in up to 70% of flowering plants in nature, including many crop plants, such as apple, chrysanthemum, cotton, dahlia, daylilies, pelargonium, potato, sugarcane, triticale, wheat, etc. Polyploidization of flowering plants occurs at a relatively high frequency (1:100,000) (Comai 2005; Jackson & Chen 2010) . The majority of recent flowering plants have originated from polyploidy ancestors and, depending on the estimations, polyploidization events took part in 15-70% of angiosperm speciations (e.g., Arrigo & Barker 2012) . Polyploidy, an ancient evolutionary potential of plants, has both shortterm effects (change in the size of cells and organs, and in gene expression) and long-term (evolutionary) effects (Adams & Wendel 2005; Comai 2005; Jackson & Chen 2010 ).
There are some endopolyploid cells in many organisms that are otherwise diploid. Endopolyploid cells differ structurally from polyploidy ones because endopolyploid cells contain centromeric or pericentromeric DNA of sister chromatoids which are associated with a single distinct heterochromation region due to polytenic replication of DNA (Barow 2006) . In this way the number of chromocenters can be equal to those in diploid cells. However, the polyploids have distinct chromocenters for each chromosome. This structural difference also causes functional differences (Barow 2006) . Endoployploidy occurs regularly in the plant kingdom being proved in 33 species of 54 species examined and in 10 plant families of 16 examined (Barow & Meister 2003) . Although family affiliation has an impact on the degree of endopolyploidization, its occurrence within a family or subfamily can be very different. It is more frequent in annual species and very rare in woody species. Moreover, there are some levels of its occurrence, it can be revealed in different organs, such as fruits, cotyledons or in specific tissues, such as trichomes, or endosperm cells of the embryo sack (Barow & Meister 2003 Endopolyploidy has been reported in several species and hybrids of orchids and have a very high level of endoreduplication compared to levels in other plant families, such as in Dendrobium spp. (Jones & Kuehnle 1998) , Phalaenopsis spp. and Doritis pulcherrima (Lin et al. 2001; Chen et al. 2011) , Oncidium varicosum (Lee et al. 2004) , Vanda (Alvarez 1968; Lim & Loh 2003) and Spathoglottis plicata (Yang & Loh 2004) . Endopolyploidy was detected in protocorm-like bodies (PLBs) of hybrid Cymbidium and Cymbidium kanran Makino (Fukai et al. 2002) and several regeneration pathways of hybrid Cymbidium (Teixeira da . Endopolyploidy has also been reported in the protocorms of diploid Phalaenopsis aphrodite subsp. formosana with ploidy doubling achieved by in vitro regeneration of excised protocorms, or PLBs (Chen et al. 2011) or regenerated somatic embryos of Doritaenopsis (Park & Paek 2006; Park et al. 2010) . Moreover, the degree of endopolyploidization is organspecific (Lin et al. 2001; Yang & Loh 2004; Park et al. 2010) and was affected by temperature and light quality during floral development (Lee et al. 2007; Park et al. 2010 ). Yang & Loh (2004) reported that in S. plicata, endopolyploidy was present in some floral tissues such as columns, growing flower stems and pedicels of both un-open and freshly open flowers while other floral tissues like sepals, petals and ovary tissues were found to have only 2C nuclei.
This study aimed to examine the ploidy of in vitro and greenhouse tissue of four orchid genera and two ornamentals to determine if endopolyploidy occurred. Such information can provide valuable information regarding growth and development of these target plants, as well as the environmental and evolutionary adaptation of orchids.
Material and methods

Plant material and culture conditions
The in vitro protocol, including the selection of chemicals and reagents, follows that explained in Teixeira da Silva (2012), with modifications adapted for the different plant materials used in this study. PLBs of nine Cymbidium hybrids (246-2, 653-2, 649-4, 485-12, 167-1, 553-1, 91-8, 536-1, 204-1 ; see crosses in Table 1 ; Bio-U, Japan) originally developed spontaneously from shoot-tip culture on Vacin & Went (Vacin & Went 1949) agar medium without plant growth regulators. These PLBs were induced and subcultured every two months on Teixeira Cymbidium (TC) medium (Teixeira da Silva 2012), which served as the control medium in this study. Recommendations related to culture conditions, media, and PLB induction, formation and proliferation were based on Teixeira da Silva ( provided by 60 W plant growth fluorescent lamps (Homo Lux, Matsushita Electric Industrial Co., Japan). Spathiphyllum 'Merry' (Araceae) in vitro cultures were established as detailed in Teixeira da . Syngonium podophyllum 'White Butterfly' (Araceae) in vitro cultures were established as for Spathiphyllum (Teixeira da Silva, unpunlished).
Flow cytometry
The protocol follows that used by Teixeira da . Nuclei were isolated from 0.5 cm 2 of material detailed in Table 1 . Plant material included: mature callus of immature PLBs (30 days old) as well as mature in vitro PLBs (60-days-old; Teixeira da Silva & Dobrán-szki 2013) of nine Cymbidium cultivars; leaves of 90-day-old in vitro plantlets of Spathiphyllum 'Merry' and Syngonium podophyllum 'White Butterfly'; in vitro plantlet youngest leaf tissue (90 days old) of Dendrobium 688-2; flower parts (dorsal sepal (base + center + tip); petal (base + center + tip); lateral sepal (base + center + tip); labellum (base + center + tip); pedicel (outer + inner tissue); column; anther cap; stigmatic surface; youngest leaf) of greenhouse-grown Paphiopedilum delenatii Guillaumin, a hybrid Paphiopedillum 'Luna Magic', and hybrid Phalaenopsis Gallant Beau 'George Vazquez' (white) (Fig.1) . Material (in vitro or greenhouse) was collected with sterilized blades fresh, placed a sterilized Petri dish and carried in a cooler box on ice to the laboratory and prepared and analyzed within 30 min of collection. The nuclear suspension was filtered through a 30 µm mesh size nylon filter (CellTrics ) and five volumes of Partec Buffer A (2 µg mL −1 4,6-diamidino-2-phenylindole (DAPI), 2 mM MgCl2, 10 mM Tris, 50 mM sodium citrate, 1% PVP K-30, 0.1% Triton-X, pH 7.5; Mishiba & Mii 2000) was added at room temperature for 10 min. Following incubation, nuclear fluorescence was measured using a Partec Ploidy Analyser (Partec GmbH, Münster, Germany). Leaves of 7-day-old diploid barley (Hordeum vulgare L.) cv. 'Ryufu' seedlings germinated in distilled water in Petri dishes under natural light and at room temperature served as the internal control. Analysis of each sample was repeated in triplicate, and relative fluorescence intensity of the nuclei was considered and analyzed when the coefficient of variation was <3%. A minimum of 5000 nuclei were counted for any sample.
Experimental design and data analysis Experiments were organized according to a randomized complete block design. Flow cytometry consisted of three replicates with three independent samples each (i.e., 9 replicates per flower part or in vitro organ).
Results and discussion
The PLB tissue of all nine Cymbidium cultivars exhibited some level of endopolyploidy, with a maximum of 16C, with very few differences between immature and mature PLBs (Table 1) . No 32C endopolyploidy was observed. The leaf tissue of Dendrobium, Spathiphyllum and Syngonium exhibited no endopolyploidy. Very low levels of 8C endopolyploidy were detected in the column of Paphiopedilum and Phalaenopsis. Polyploids adapted after forming during evolution due to heterosis and thereafter they passed through reduction of genome redundancy, which lead to diploidization in many recent species (Comai 2005) . Diploid plants maintain diploidy in their meristematic cells and endopolyploidy occurs during the process of differentiation. While a change in ploidy at the organism level, i.e. polyploidy, inherently may cause a change in gene expression, such a mechanism has not been proved in the case of endopolyploidy. One of the biolog- Fig. 1 . The structure of a typical Paphiopedilum (A) or Dendrobium (B) flower growing in the greenhouse showing different flower parts. These flower parts, which are common to all orchids, were subject to ploidy analysis (Table 1) . Photos, authors' originals. Anther cap and anther not visible (behind staminode and stigma).
ical significances of endopolyploidy is the regulation of cell size or volume as nuclear DNA content is correlated with cell volume. Increased volume of the cells can cause accelerated growth and can be supportive for key cell functions (Kondorosi et al. 2000; Barrow 2006) . Under different abiotic and biotic factors or stress conditions, endopolyploidy, which is evolutionary highly conserved, is an adaptive mechanism that maintains homeostasis of the organism so as to survive the stress conditions through the growth and regeneration of tissues (Lee et al. 2009 ), which may explain why it can be detected in "radical" in vitro treatments.
In orchid tissue culture, polyploidy and endoplyploidy are considered as a possible cause for somaclonal variation in tissue cultures (Chen et al. 2009 ) but how they are induced during tissue culture is not fully clear yet. Wounding, such as sectioning or cutting of plant tissues or organs, and different media components are among the most important stress factors in tissue culture. Considering that phytomormone-mediated pathways were to be proved in the transition to endoreplication (Lee et al. 2009 ), plant growth regulators among all media components are of great importance in tissue culture. While auxins, gibberellins and ethylene in general increase or support endopolyploidy, cytokinins tend to decrease it (Valente et al. 1998; Bryant & Francis 2001; De Veylder et al. 2011) . The existence of low levels of endopolyploidy in in vitro (Table 1) indicates that cells in Cymbidium tissues are responding radically to the stress associated with in vitro culture, but the ability for endopolyloidy to be lost in new cycles of regeneration as cells regain a true-to-type 2C : 4C ratio (Teixeira da suggests that these plants have an auto-regulatory mechanism that would, evolutionarily speaking, provide a for of survival and stability, even in the light of environmental stresses. Even though endopolyploidy has been used to assess evolutionary relationships, this particular aspect, as evidenced by in vitro studies, has rarely, if ever, been explored, or discussed.
The level of endoreduplication in orchids varies depending on the species, the tissue, plant age and the environment (Lim & Loh 2003; Yang & Loh 2004; Park & Paek 2006; Park et al. 2010) . Park et al. (2010) reported that Doritaenopsis leaves contained a low level of endoreduplication while somatic embryos contained a high level of endoreduplication among leaf, root tip and somatic embryos. Lim & Loh (2003) observed multiploid cells in leaves, roots and column, but not in shoot apex, stem, perianth and pedicel. The degree of endopolyploidy in embryos increased with development. NAA was shown to induce endoreduplication in germinating embryos to a much larger extent than GA 3 . Somatic embryos or in vitro sectioning of protocorms or PLBs is a simple, effective and reliable technique to produce a large number of polyploid plants in orchids and may greatly impact the breeding and new variety development of orchids in the future (Park et al. 2010; Chen et al. 2011) .
In an earlier study (Teixeira da Silva & Tanaka 2006), little cell division was observed in the midsection and base of adventitious shoots and roots from both PLB and embryogenic callus (EC) pathways. In contrast, active cell division (4C) was observed in secondary (2 • ) PLBs (equivalent to neo-PLBs), EC and in EC-derived 2
• PLBs while high levels of endoreduplication (8C-16C) were observed in root tips and in the early stages of EC-derived 2
• PLB formation. This study confirmed that endopolyploidy was a standard response across the nine hybrid Cymbidium cultivars, confirming also the results found for 246-2 in the Teixeira da study, although the ratio of 2C : 4C : 8C : 16C differed. However, no matter what the level of endopolyploidy that was exhibited in in vitro tissue, plantlets would always revert back to a non-endopolyploid state (Teixeira da Silva & Tanaka 2006). There are two possible explanations for this: 1) Conditions in which induced endopolyploidy ceased, i.e. there was no longer a reason to maintain endopolyploidy.
2) The capacity of normal, i.e. diploid cells, for regeneration is much higher, as exemplified by Nontaswatsri & Fukai (2005) in carnation. Fukai et al. (2002) showed that PLB epidermal tissue of Cymbidium kanran, a terrestrial orchid, had only 2C and 4C peaks, but Fujii et al. (1999) claimed that most cells in the outer tissue of Cymbidium PLBs had a 2C DNA content, but following treatment with NAA, nuclear DNA content increased up to 16C (i.e. higher nuclear polyploidy), correspondent to increased cell size. Fukai et al. (2002) further demonstrated that PLB-propagated epiphytic Cymbidium hybrids and rhizome-propagated terrestrial C. kanran Makino had polysomaty from 2C to 16C, with roots and floral organs, excluding ovaries of hybrids, being highly polysomatic, as were the rhizomes and roots of C. kanran. In this study, no tissues in the flowers of Phalaenopsis and Paphiopedillum demonstrated polyploidy, but several tissues showed active cell division (higher levels of 4C) ( Table 1) .
